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ABSTRACT 17 
 18 

We report on the first ever use of non-destructive micrometer-scale synchrotron-computed 19 

microtomography (CMT) for biochar material characterization as a function of pyrolysis 20 

temperature. This innovative approach demonstrated an increase in micron-sized marcropore 21 

fraction of the Cotton Hull (CH) sample, resulting in up to 29% sample porosity. We have also 22 

found that initial porosity development occurred at low temperatures (below 350°C) of pyrolysis, 23 

consistent with chemical composition of CH. This innovative technique can be highly 24 

complementary to traditional BET measurements, considering that Barrett-Joyner-Halenda 25 

(BJH) analysis of pore size distribution cannot detect these macropores. Such information can be 26 

of substantial relevance to environmental applications, given that water retention by biochars 27 

added to soils is controlled by macropore characteristic among the other factors. Complementing 28 

our data with SEM, EDX and XRF characterization techniques allowed us to develop a better 29 

understanding of evolution of biochar properties during its production, such presence of metals 30 

and initial morphological features of biochar before pyrolysis. These results have significant 31 

implications for using biochar as a soil additive and for clarifying the mechanisms of biofuel 32 

production by pyrolysis.   33 

 34 
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INTRODUCTION 40 

 41 

This work is focused on new applications of non-destructive micrometer-scale synchrotron 42 

computed microtomography (CMT) to observe pyrolysis of biomass, which is of substantial 43 

relevance for energy and environmental applications. Biochar is produced by high temperature 44 

treatment of biomass (300-500°C and above) in the absence of oxygen (pyrolysis). This 45 

treatment results in a product (biochar) comprising primarily of organic carbon1, 2. This approach 46 

allows agricultural industry to reduce its carbon footprint by storing pyrolyzed biomass in soil 47 

with an estimated residence time ranging from 5-29 years to 1,300-2,600 years depending on 48 

references cited 3, 4. In addition, there are other benefits from the study of biochar properties. For 49 

example, biochar is a by-product of biofuel production and mechanistic knowledge of biochar 50 

formation can be invaluable in understanding the chemical pathways of biofuel production.  51 

 52 

Among many physicochemical parameters of biochar, it is important to single out porosity as it 53 

has a significant influence on water retention and adsorption properties. Although some porosity 54 

is naturally present in biomass, most of it comes from removal of various organic constituents of 55 

biomass that have variable temperature stability5, 6. Together with specific surface area, porosity 56 

plays a major role in predicting water retention by biochar and can also aid in understanding of 57 

water adsorption and desorption behavior7. Computed tomography (CT) offers a very unique 58 

insight into such behavior. There are already a number of studies on using CT to image 59 

geological and soil samples8-10. For example, a recent study of soils where biochar was added 60 

resulted in pore size reduction of the soil sample, contributing to a better water retention11, 12. 61 

Although no published work followed biochar pyrolysis trends with CT, there was a recent work 62 
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on pyrolysis of oil shale. Using CT the authors were able to image three-dimensional pore 63 

network structure developed due to pyrolysis, which was coupled with lattice Boltzmann 64 

simulation of flow through the pore network8. In this paper we present the first ever application 65 

of 3D X-ray synchrotron based computed microtomography (CMT) to elucidate the pore 66 

structure development of biochars. Given the spatial resolution of CMT this paper primarily 67 

focuses on macropores in the micrometer range, although smaller mesopores (<50nm) and 68 

nanopores (<2nm) are also expected during the pyrolysis5. This is an important pore size range, 69 

especially for water retention and release11, 12  70 

 71 

MATERIALS AND METHODS 72 

Cottonseed hulls (hereby denoted CH) were pyrolyzed at 25, 350, 500, 650 and 800 °C for 4 h 73 

under 1600 mL min−1 N2 flow rate using a laboratory scale box furnace (22 L void volume) with 74 

a retort (Lindberg, Type 51662HR, Watertown, WI). The resulting chars (CH25, CH350, 75 

CH500, CH650 and CH800) were allowed to cool to room temperature overnight under N2 76 

atmosphere. 77 

 78 

Samples were scanned using 3D X-ray Computed Micro Tomography (CMT) at the X2B beam 79 

line at the National Synchrotron Light Source at Brookhaven National Laboratory. The apparatus 80 

uses a 1340 x 1300 pixel CCD camera with a pixel size of 4μm to acquire radiographs of the 81 

sample using a CsI area x-ray detector.  A total of 1200 radiographs were acquired as the sample 82 

was rotated through 180°. The results were converted into a tomographic volume and visualized 83 

using open-source software. The results give a 3-dimensional view of the linear attenuation 84 

coefficients for each voxel.  The linear attenuation coefficient is defined by the mass attenuation 85 
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coefficient in cm2/g times the material density.  The x-ray energy used for the work was 12.9 86 

keV.  Metal contents of the materials were also investigated using micro x-ray fluorescence 87 

(XRF) techniques at NSLS beam line X27A.  The beam size was 10 µm.  88 

 89 

The Scanning Electron Microscopy (SEM) images, which also included elemental analysis, were 90 

obtained using Field Emission Scanning Electron Microscope (SEM) LEO Gemini 1550 91 

equipped with Schottky Field Emission gun (20 KV) and a Robinson backscatter detector. The 92 

samples were coated with gold for 20 seconds using the low vacuum sputter coater to prevent 93 

charging. 94 

 95 

RESULTS AND DISCUSSION 96 

 97 

A 3D CMT reconstruction of unpyrolyzed cottonseed hull (CH) is shown in Figure 1-A. 98 

This reconstruction is representative of a CH fragment used in our experiments. In addition to 99 

scale bar, the image also has X-ray attenuation color scale, which can be used to study porosity 100 

development during the pyrolysis as illustrated below. For reference purposes we also included 101 

the SEM image of CH. An important advantage of 3D CMT as compared to SEM is a CMT 102 

capability to image multiple cross sections of the sample in a non-destructive way. A cross 103 

section of the unpyrolyzed sample is presented in Figure 2-A. It indicates that the untreated 104 

sample does not have significant porosity, although given that the resolution of the technique is 105 

on µm scale, smaller pores would not be revealed by the CMT measurements. In contrast to the 106 

untreated sample, a dramatic increase in porosity due to pyrolysis is revealed in the cotton hull 107 

cross section taken after pyrolysis at 650°C displayed in Figure 2-B. It is also important to note 108 
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that the most significant development of porosity occurs at lower temperatures of pyrolysis, as 109 

obvious from comparison of 350°C pyrolyzed samples (Figure 2-C) and 500°C pyrolyzed 110 

sample (Figure 2-D). As soon as the outer layer is removed at temperatures of around 800°C, the 111 

samples tend to disintegrate into small pieces (Figure 2-F). These dramatic changes in the 112 

structures are caused by the destruction and vaporization of specific components of the cotton 113 

hull that have different temperature stability. In general the components of biomass include such 114 

constituents as cellulose, hemicellulose and lignin13. Hemicellulose can decompose at 115 

temperatures around 150-350°C, while cellulose will be degraded at 280-350°C14, 15. The most 116 

stable component, lignin, will undergo the chain fragmentation at around 300-480°C16. In case of 117 

CH, it primarily consists of cellulose with a minor presence of lignin compounds17, 18, the most 118 

significant development of porosity occurs at temperatures below 400°C as indeed observed in 119 

Figure 2. From another perspective, CH can be described in terms of labile and more recalcitrant 120 

to microbial degradation carbon fractions19. In our previous work6 we have determined that 121 

pyrolysis of CH between 200-800°C resulted in increased fixed carbon from 22.7 to 77.1 wt.% 122 

which was accompanied with a decrease in labile carbon. A more detailed information on 123 

increase in fixed carbon and ash content, and decrease in volatile matter content are shown in 124 

supplementary information (Tables 1 & 2) This is also consistent with our previous work on in-125 

situ characterization of pyrolysis with DRIFTS, where the greatest change in surface 126 

functionalities was observed in 200-500°C pyrolysis temperature range6. It is important to 127 

mention that development of stable graphitic (recalcitrant) structure of carbon during the 128 

pyrolysis is intimately linked to the chemical composition of biomass, although there is a 129 

scientific debate about the role of mineral content in forming porous structures and the sensitivity 130 

of the biochar structure development to the original composition of biomass20. 131 
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 132 

Figure 3 shows the linear attenuation coefficients for CH pyrolyzed at different 133 

temperatures. The x-ray linear attenuation coefficient, µ, is defined by the equation I/I0 = e-µx, 134 

where x is distance traversed by the x-ray. It is dependent on the elemental composition of the 135 

material and measures the variability of the CH composition on a micrometer size scale. This 136 

capability gives new insights into the values found from conventional macroscopic analytical 137 

techniques. The plot shows a well-defined peak for the solid material at a value of 2.45cm-1 for 138 

the CH prior to pyrolysis. We estimated the X-ray mass attenuation coefficient expected for CH 139 

material taken as C(45.8%), H(5.5%), O(40.3%), Mg(2.09%), P(0.32%), K(4.26%), Na(0.02%), 140 

and Ca(1.75%) using tables from the National Institute of Standards and Technology21. In 141 

addition, measured concentrations for the heavy elements are given in the supplemental material. 142 

The density of cotton hull was taken as 0.19g/cm3. As mentioned above, the calculated linear 143 

attenuation coefficient (cm-1) is just the product of the two factors: the x-ray mass attenuation 144 

coefficient and the density. The calculated value is about 30% higher than the measured value. 145 

The agreement is excellent considering the uncertainties in the factors entering into the 146 

calculated result. The attenuation from the metals is roughly equal to the attenuation from the 147 

organic materials and is found throughout the measured mass of the CH. 148 

  149 

The effect of pyrolysis is to broaden the measured attenuation distribution to both higher 150 

and lower values. The increase in the higher values comes from an increase in the concentrations 151 

of the heavy elements (See Supplemental material) combined with any increase in density of the 152 

materials caused by the pyrolysis. The increase in lower values can mainly be ascribed to loss of 153 

organic materials and the associated increase in porosity and the corresponding decrease in bulk 154 
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density. Of course, changes in the metal distributions are also possible. Extension of the XRF 155 

mapping to measurements on these sections of the CH pyrolyzed material is necessary to clarify 156 

this question.  157 

 158 

Detailed estimates of the microscale porosity of the materials were made by fitting the 159 

peaks attributed to porous and solid regions (Figure 4). The results indicate a dramatic increase 160 

in the porosity as a result of increase in pyrolysis temperature. Whereas the section at the 161 

beginning of pyrolysis showed no porosity, the sample pyrolyzed at 800°C showed 29% 162 

porosity. Importantly, there was a dramatic increase in porosity at the low temperatures 163 

following the sequence, whereas at higher temperature the porosity remained relatively stable:  164 

(1) unpyrolyzed sample having no porosity; (b) sample pyrolyzed at 350 °C sample having the 165 

porosity of 0.27; (c) sample pyrolyzed at 500 °C having porosity of 0.23; (d) sample pyrolyzed at 166 

800 °C having porosity of 0.29. Our data demonstrate that at the beginning of pyrolysis the heat 167 

treatment results in the creation of macropore content in the biochar. This is an important result 168 

for two reasons. First, conventional BET measurements and pore size calculations using, for 169 

example, BJH method do not detect the macropores. It is instructive to mention that for the 170 

porosity calculated from pycnometry data, the published data indicate that overall porosity (e.g. 171 

for hazelnut shell and douglas fir) remains stable above 370 °C heating temperature22. This was 172 

attributed to stable fraction of macropores, which we also observed. The only porosity increasing 173 

above that temperature is related to nanopores formation, which contribute only a small fraction 174 

to the overall porosity.  Second, since water retention by biochars in soils is controlled by the 175 

macropores (among other parameters such as hydrophilicity of the surface), application of 176 

tomography will be a powerful analytical method in the future, especially in the size range 177 
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(micron size macropores) which other techniques do not cover. Given a capability of 3D 178 

reconstruction of pore interconnectivity, comprehensive modeling efforts can be capable of 179 

providing unprecedented level of details for understanding water transport and retention. 180 

 181 

The metal content of the CH was explored using both synchrotron XRF and SEM-EDX 182 

techniques. The synchrotron work was done at the NSLS X26A beam line. The apparatus is not 183 

instrumented for detection of the very light elements such as C, N, and O. For this reason, 184 

measurements were also made with the SEM-EDX equipment that was optimized for light 185 

element detection. Results from the synchrotron measurement (Supplementary Info Figure S1) 186 

indicate a significant presence of metals, including Mn, Fe, Ca, K, Ni, Cu and Zn. It is important 187 

to mention that XRF mapping of individual elements in a grain-scale biochar sample 188 

(Supplementary Info Figure S2) indicated that there is a significant heterogeneity in the spatial 189 

distribution of these metals. This suggests the need for further work to map the distributions on 190 

metals within the samples, especially for the sections where there is the most preserved solid 191 

structure. Given the significant number of possible mineral phases in biochar23, further work 192 

might also be need to identify some of those phases given the importance of mineral content in 193 

pore forming structures. The special heterogeneity in chemical composition might explain some 194 

discrepancy in type of metals identified by XRF (Supplementary Info Figure S1) and SEM 195 

(Supplementary Info Figure S3), which is also complemented by analysis of total elemental 196 

content24 determined by microwave digestion and EDTA extraction (Supplementary Info Table 197 

S1). 198 

 199 
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The SEM results (Figure 4A-D) of the unpyrolyzed sample showed a presence of surface 200 

associated pores, which were not obvious in the CMT results (Figure 2-A). The reason for 201 

detecting these pores is based on higher resolution of the SEM technique, which is measured in 202 

nanometers rather than micrometers for CMT. Moreover, the SEM images surface structures 203 

whereas CMT shows cross section of the samples. Although SEM technique has been well 204 

established for characterizing biochars25, it was noted that observing trends in porosity 205 

development strongly depends on biochar preparation conditions5. Indeed the images of 206 

pyrolyzed samples (Figure 4E-H) did not reveal a consistent trend in porosity development, 207 

possibly due to the above mentioned fact that only the surface of the sample was imaged as 208 

compared to sample cross-sections (Figure 2) obtained by CMT. This lack of observed trends is 209 

also consistent with published work on pyrolysis of sawdust where the samples prepared without 210 

a prolonged temperature holding time did not demonstrate a clear trend in porosity observed in 211 

SEM images5. The same work also suggests that porosity can be adjusted by tuning the biochar 212 

preparation conditions, such as introduction of fast pyrolysis5, 26. Finally, the EDX analysis of 213 

elemental composition (Supplementary Info Figure S3) appeared to be not as sensitive as that of 214 

XRF analysis by synchrotron based technique, as obvious from the fact that fewer metals were 215 

detected in the sample (e.g. K, Mg and Ca). As discussed earlier, this is consistent with SEM 216 

being more sensitive to alkali and alkaline earth metals as compared to XRF. In addition, this 217 

discrepancy can be also attributed to a very heterogeneous nature of the samples, as analysis 218 

depth and analysis spots were different for SEM and XRF techniques.  219 

 220 

CONCLUSIONS 221 

 222 
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The results of CMT, SEM, EDX and XRF analysis of biochar samples presented in this 223 

publication illustrate the very important advantage of adding CMT-based image analysis to the 224 

usual analytical techniques since it is it gives a refined understanding of porosity development in 225 

biochar. This is critical in obtaining refined understanding of both fundamental and applied 226 

aspects of biomass pyrolysis. We believe that this first ever demonstration of using synchrotron-227 

based CMT techniques for biochar imaging has significant importance for both environmental 228 

and biofuels research areas.  229 
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FIGURES 247 

 
A 

 

 
B 

Figure 1. (A) 3D reconstruction of unpyrolyzed Cotton Hull (CH25) sample; (B) The SEM 248 
image of CH25 described later in the text.  249 
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A B 

C D 

 
E 

 
F 

Figure 2. Cotton Hull samples: (A) unpyrolyzed; (B) pyrolyzed at 650 °C, (C) pyrolyzed at 350 250 
°C; (D) pyrolyzed at 500 °C; (E) unpyrolyzed outlining different cotton hull morphology; (F) 251 
pyrolyzed at 800 °C showing disintegration of the sample. 252 
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A 
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 253 
Figure 3. Attenuation of Cotton Hull pyrolyzed at different temperatures: (A) unpyrolyzed; (b) 254 
pyrolyzed at 350 °C, the porosity is 0.27; (c) pyrolyzed at 500 °C, the porosity is 0.23; (d) 255 
pyrolyzed at 800 °C, the porosity is 0.29. 256 
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 257 
Figure 4. The SEM images of Cotton Hull (A-D) showing unpyrolyzed at different 258 
magnifications and (E-H) showing pyrolyzed at different temperatures (E) Unpyrolyzed, (F) 259 
Pyrolyzed at 350°C, (G) Pyrolyzed at 500°C, and (H) Pyrolyzed at 800°C. 260 
  261 
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TABLES 262 

 263 
Table 1: Elemental Composition, Molar Ratio, and BET Surface Area for Cottonseed Hull 264 
Chars. Values are given as mean (standard deviation for triplicate (elemental composition) or 265 
duplicate (BET surface area) measurements. Elemental composition and molar ratio are given on 266 
a moisture- and ash-free basis 267 
 268 

Char yield,b        
% (w/w) 

moisture,     
% (w/w) 

VM,c        
% (w/w) 

fixed C,d  
% (w/w) 

ash,c     
% (w/w) 

0.1 M HCl washing, 
% wt losse 

pHe pHpzc	  

CH200 83.4±0.8 5.3 ± 0.2 69.3±0.2 22.3±0.1 3.1±0.1 4.3 3.7 3.5 

CH350 36.8±0.1 6.81 ± 0.01 34.9±0.1 52.6±0.2 5.7±0.1 6.6 6.9 7.0 

CH500 28.9±0.1 6.53 ± 0.01 18.6±0.6 67.0±0.7 7.9±0.1 5.7 8.5 10.1 

CH650 25.4±0.2 8.21 ± 0.02 13.27±0.04 70.3±0.2 8.3±0.2 9.7 8.6 9.9 

CH800 24.2±0.6 9.92 ± 0.05 11.42±0.1 69.49±0.01 9.2±0.1 8.6 7.7 9.2 
aProximate analysis results are given as mean (standard deviation for duplicate measurements. bMean (SD for replicate 269 
production. cMoisture-free values. dCalculated by difference after moisture, VM, and ash measurements. eAfter 0.1 M HCl 270 
washing. 271 
 272 
Table 2: Yield and Moisture, Volatile Matter (VM), Fixed Carbon and Ash Contents, pH, and 273 
pHpzc of Cottonseed Hull Charsa. 274 

275 

Char C, % 
(w/w) 

H, % 
(w/w) 

N, % 
(w/w) 

S, % 
(w/w) 

O, % 
(w/w) 

H/C molar 
ratio 

O/C Molar 
ratio 

BET SA, 
m2/g 

Micropore 
area, m2/g 

CH25 51±2 6.6±0.3 0.7± 0.1 1.03±0.05 41±2 1.5±0.1 0.6±0.1 n.d.  

CH200 51.9±0.5 6.0±0.1 0.60± 0.04 0.99±0.01 40.5±0.4 1.38±0.02 0.59±0.01 n.d.  

CH350 77±1 4.53±0.05 1.9±0.4 0.8±0.1 15.7±0.04 0.70±0.01 0.153±0.001 4.7±0.8  

CH500 87.5±0.1 2.82±0.02 1.5±0.1 0.50±0.01 7.6±0.2 0.385±0.003 0.065±0.002 0  

CH650 91.0±0.4 1.26±0.02 1.6±0.1 0.26±0.03 5.9±0.3 0.166±0.002 0.049±0.003 34±3 0.007±0 

CH800 90±1 0.6±0.1 1.9±0.1 0.16±0.03 7±1 0.08±0.01 0.06±0.01 322±1 274±1 
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